Abstract: Synthetic nanosized hydroxyapatite (HA) particles ( < 120 nm) were prepared using a co-precipitation technique by adopting two different routes -one from an aqueous solution of calcium nitrate tetrahydrate and diammonium hydrogen phosphate at pH 10 and the other by using calcium hydroxide and phosphoric acid as precursors at pH 8.5 and reaction temperature of 50°C. The lattice parameters of HA nanopowder were analogous to reference [Joint Committee on Powdered Diffraction Standards (JCPDS)] pattern no. 09-432. No decomposition of HA into other phases was observed even after heating at 1000°C in air for 1 h. This observation revealed the high-temperature stability of the HA nanopowder obtained using co-precipitation route. The effects of preliminary Ca/P molar ratio, precipitation, pH and temperature on the evolution of phase and crystallinity of the nanopowder were systematically examined and optimized. The product was evaluated by techniques such as X-ray-diffraction (XRD), transmission electron microscopy (TEM), Fourier transform infrared (FTIR) and Raman spectroscopy analyses. The chemical structural analysis of the as-prepared HA sample was performed using X-ray photoelectron spectroscopy (XPS). After heat treatment at 1000°C for 1 h and ageing for 15 h, the product was obtained as a phase-pure, highly crystalline HA nanorods.
Introduction
Ca 10 (PO 4 ) 6 (OH) 2 (hydroxyapatite, HA) is the key mineral constituent of bone and teeth [1] and has attracted much attention in orthopaedics and plastic surgery in recent years because of its biocompatibility, bioactivity and low solubility in wet media [2] . Hence synthetic nano-HA powder is of abundant interest as a bone replacement and strengthening material in biomedical composites. Such nanobioceramics have been utilized as a scaffold material to encourage new bone growth for osteographical coatings on metal implants [3] [4] [5] [6] [7] . Many techniques have been described in literature for the synthesis of HA including solid-state synthesis [8] , sol gel techniques [8] [9] [10] , spray pyrolysis [11] , solvothermal processes [12] and chemical vapour deposition [13] . Among others wet chemical precipitation technique was employed for the batch synthesis of phase-pure HA nanopowder from aqueous solution of diammonium hydrogen phosphate, calcium nitrate and ammonium hydroxide, respectively [14] .
Two precipitation methods have been reported in literature [15, 16] for HA production. In the first method the reaction was carried out by mixing 0.6 m phosphoric acid solution with 1 m calcium hydroxide solution. The second coprecipitation method was based on the addition of diammonium hydrogen phosphate into the solution of calcium nitrate and ammonium solution as agent for pH adjustment (method we have adopted for HA synthesis). Similar work has been done by Liu et al. [17] . They described the mechanism and kinetic studies of HA precipitation at pH 10-11 which were greatly affected by variation in time and Ca:P ratio under different temperatures. The properties and nature of the synthesized HA powder depended mainly on the temperature, pH, time and other precipitation conditions like ageing time, variation in Ca:P ratio [18] [19] [20] In this article, we describe about the experimental studies where we have controlled synthesis for stoichiometric HAs with 1.67 Ca/P ratio using calcium ion and phosphate ion source as starting materials by adding ammonium hydroxide at 50°C. The main aim of this study is to synthesise phase-pure nanosized HA powder for bone replacement applications using co-precipitation technique at low temperature and relatively lesser time period with improved yield and smaller particle size compared to conventional literature methods. The phase-pure nano-HA was prepared using a co-precipitation method. The reagents used in the process were 0.15 m diammonium hydrogen phosphate solution and 0.25 m calcium nitrate solution, respectively (Ca:P = 1.67). The pH of the precursors was made up to 10 by adding 5.0 and 10.0 ml of ammonium hydroxide to calcium nitrate and diammonium hydrogen phosphate solutions, respectively, with constant mechanical stirring. In this method, 250 ml PO 4 3-ion solution was added dropwise to 250 ml Ca 2+ ion solution with the flow rate of 10 ml/min in order to yield an amorphous precipitate of HA at a reaction temperature of 50°C. The pH of the suspension was monitored regularly throughout the addition. Reactions carried out in basic conditions resulted in the formation of stoichiometric HA. The aqueous suspension was first aged for 15 h and then dispersed in 45 ml DI water using a vortex mixer followed by three further washing cycles. The wet residue was then oven dried at 90°C for 12 h prior to further analysis.
Materials and methods

Reagents and materials
Method 2
In the second process, HA samples were prepared by wet precipitation by addition of orthophosphoric acid (0.15 m) to calcium hydroxide (0.25 m) slurry. The samples were synthesized with 1.67 Ca:P ratio at pH 8.5 with constant mechanical stirring at 50°C. The pH of the suspension was monitored regularly throughout the addition. The aqueous suspension collected from this procedure was aged for 15 h, washed (three times), centrifuged and then oven dried as mentioned earlier.
Each of the as-prepared HA samples was heat treated at 1000°C for 1 h in air at a heating rate of 10°C/min as per ISO standard methods [ISO13779-3] to confirm the thermal stability and phase purity of the obtained nanopowder. The dried product was free flowing fine white powder with ~89% yield.
Characterization methods
Transmission electron microscopy
The TEM images were obtained using a JEOL JEM-1200EX II electron microscope. A small amount of sample ( < 10 mg) was dispersed in neat methanol and then ultrasonicated for 2 min to yield a very dilute suspension. A few drops of the resulting suspension were then deposited on a carboncoated copper grid, which was used as the TEM specimen. The grid was dried prior to use in the double-tilt holder of the TEM. Image J software (version 5.0) was used to estimate the particle size.
Powder X-ray diffraction
Bruker AXS D4 Endeavour TM XRD diffractometer was used for XRD collection of all samples. The data were collected from 20 to 40° in 2θ range with 0.04° scanning step and a count time of 2 s using Cu-Kα radiation (λ = 1.5406 Å). DIFFRACplus Eva TM software was used for the phase analysis of the data by spectral matching with standard patterns. The crystallite sizes were calculated by using the Debye-Sherrer equation [21] .
Dynamic light scattering
Dynamic light scattering (DLS) measurements were performed using a Malvern Instruments Zetasizer operated in backscatter (173°) mode. The sample slurry was produced with a solid content ~1% by volume and diluted with methanol. To disperse the sample, this suspension was kept in an ultrasonic bath for 10 min. Square cuvettes with a path length of nominally 10 mm were used for measurements.
Fourier transform infrared spectroscopy
The functional groups on HA surface were interrogated using FTIR -a Nicolet 6700 FTIR. The FTIR spectra were obtained between 400 and 4000 cm -1 range at a resolution of 4 cm -1 averaging 256 scans.
Raman spectroscopy
A confocal Raman DXR spectrometer (SP ThermoScientific) was used. The powder sample was deposited onto 316 L stainless steel block using a spatula. First, the 316 L block was wiped clean using distilled water and then with acetone prior to sample analysis. The data were collected using 780 nm laser, 10 X Lens with the scan time of 90 s for each sample.
Chemical analysis
Chemical analysis of HA samples was carried out using a thermo scientific K-alpha X-ray photoelectron spectrometer with a two-chamber vacuum system. The spectrum was collected at 50 eV for high resolution areas and for survey scans at 150 eV. The sensitive detector, a 128-channel position was used. The XPS spectra were processed using Casa TM software. A C 1 s peak at 285.0 eV calibrated the binding energy scale.
Results and discussion
Transmission electron microscopy
The TEM images of the samples obtained from reactions 1 and 2 as shown in Figure 2 confirmed that small crystallites had been formed. Phase-pure HA nanoparticles synthesized using co-precipitation method 1, had a rod-like morphology and an average length along the longest axis of each particle was ~115±15 and ~15±5 nm (200 particles sampled) along the smaller axis ( Figure 1A, B) . The SEM images were also captured for both as-prepared and heattreated (1000°C, 1 h) nano-HA samples as mentioned in Figure 2A , B, respectively.
Dynamic light scattering
Particle size distribution was also conducted for asprepared HA samples prepared using methods 1 and 2, respectively. The DLS measurements of pure HA sample 1 reveal an average particle size of ca. 158 nm and a polydispersity index (PDI) value of 0.231. Whilst for sample 2, DLS measurements yielded an average particle size of ca. 160 nm and a PDI value of 0.268 with unimodal distribution of particles.
The DLS measured diameter between 100 and 300 nm with a PDI value of 0.3 or less displays good dispersion results. It was also seen that DLS measurement results are A B in good agreement with TEM-determined distributions as shown in Table 1 .
X-ray diffraction analysis
The X-ray diffraction data of phase-pure HAs displayed broad peak of an apatite structure ( Figure 3 ). Upon heat treatment (1000°C for 1 h), the X-ray diffraction peaks became considerably sharper and well resolved and gave an excellent match to the phase-pure HA reference (JCPDS) pattern no. 09-432. No additional peaks of beta-tricalcium phosphate (TCP) were observed in the XRD data even after heat treatment at 1000°C, which would have suggested secondary phases as shown in Figure 4 . Thus, the results indicated the phase purity and high-temperature stability A B Figure 2 : SEM images of as-prepared (A) and heat-treated (B) phase-pure hydroxyapatite nanorods prepared by using method 1 based on calcium nitrate and diammonium hydrogen phosphate precursors with bar size 100 nm. of the obtained nano-HA product. The XRD lattice parameters a and c obtained from this report are correlated with the literature findings [22] for the stoichiometric HA (JCPDS [-09-432], a = 9.41 Å and c = 6.88 Å) as shown in Table 1 .
Fourier transform infrared spectroscopy
Raman and FTIR spectroscopies were utilized to analyse the samples and aid in the identification of different calcium phosphates. The FTIR data of as-prepared HA samples showed bands at 3420 cm -1 stretching mode (ν s ) corresponding to stretching vibrations of the hydroxyl group in HA [6] . The bands at 1637 cm -1 revealed the bending mode for lattice water as shown in Figure 5 . The FTIR band at 1453 cm -1 was characterized to the stretching mode (ν 3 ) of some adsorbed carbonate ions on HA surface. The band at 1031 cm -1 displayed the phosphate asymmetric stretching mode (ν 1 ), whereas the O-P-O bending modes were assigned to 632 and 534 cm -1 (ν 4 ) respectively.
Raman spectroscopy
Raman spectroscopy was carried out in order to supplement the crystallographic data and detect substitutions in the apatite lattice. The band at 965 cm -1 attributed to a symmetric stretching of P-O bond in phosphate [23, 24] Figure 7: XPS survey spectrum of phase-pure hydroxyapatite nanorods of sample 1, synthesized using calcium nitrate and diammonium hydrogen phosphate precursors via co-precipitation method.
assigned to asymmetric stretching (ν 1 ) of the P-O bond in phosphate as shown in Figure 6 .
Chemical analysis
A chemical analysis of the as-prepared HA sample using co-precipitation was done by using XPS analysis as shown in Figure 7 . The peaks at 134 eV corresponded to P 2p spectra of HA. While the binding energy values for O 1s and Ca 2p were measured as 532 and 347 eV, respectively. Figure 8: XPS spectra of (A) Ca 2p, (B) P 2p and (C) O 1s for phase-pure hydroxyapatite nanorods of sample 1, synthesized with the help calcium nitrate and diammonium hydrogen phosphate precursors via co-precipitation method.
The Ca/P ratio in the analysed samples was close to the stoichiometric ratio of 1.67 as shown in Table 2 . The individual spectra for Ca, O and P for HA sample prepared using method 1 is presented in Figure 8 . The resolution of Ca 2p spectrum into two peaks 2p 1/2 and 2p 3/2 at 351.3 and 347.4 eV, respectively, are related to HA. In Figure 8B , the 2p peak can also be deconvoluted into two peaks with a spin orbit splitting for p 1/2 and p 3/2 levels with binding energies 134.2 and 133.4 eV, respectively [25] [26] [27] . Figure 8C depicts the core level XPS spectrum of O 1s, the peaks at 532.1 and 531.5 eV are assigned to the hydroxyl group and contribution of phosphate group, respectively.
In this research, it was observed that the particle properties could be affected, e.g. such as particle size and shape, by selection of conditions such as the temperature, reaction pH and variation in Ca:P ratio. A careful control of reaction conditions is very important in order to get the phase-pure product. Most of the room temperature coprecipitation syntheses require longer reaction time with extensive stirring and ageing from 24 h to a couple of weeks in order to achieve a phase-pure product [28, 29] . In this study, a slight variation in the reaction temperature from room temperature to 50°C, reduced ageing time considerably from 24 h to 15 h along with an enhanced product yield. The reason for using high-temperature strategy for this particular study was to speed up the reaction kinetics and precursor's dissolution rate in order to achieve maximum yield in relatively shorter time period [30] . As a consequence, the reaction time decreased with significant increase in the reaction yield. This study confirmed that the reaction time and temperature are two important factors in order to evaluate the phase purity, crystallite size and product yield. We also investigated that by lowering the reaction temperature, small particle size ( < 100 nm) of nano-HA could be achieved but this would increase the ageing time from 15 h to 24 h. Thus, by modifying reaction parameters such as temperature, time, etc., any suitable nanoproduct with required particle size could be obtained by exploiting the recent studies. This would mean that these nanobioceramics could be acceptable for clinical use according to the latest international standards and guidelines.
Thus the process represents a low cost, synthesis technique, which works near ambient temperature and atmospheric pressure and allows the synthesis of highpurity stoichiometric HA and other bioceramic materials in lesser time period compared to traditional literature findings (which required 24 h or more) with fine control over the particle size.
Conclusions
In summary, co-precipitation technique provides a facile and economical pathway to obtain nanosized HA and other calcium phosphate bioceramics with high purity, suitable size and low level of impurities with certain modifications in reaction parameters. Hence the current work deals with the preparation of synthetic calcium phosphate nanoceramics in relatively shorter time period compared to traditional methods with better product yield. The obtained nanoproduct was thermally stable up to 1000°C (without any traces of beta-TCP as a by product) with high purity level closer to that of bone and teeth, planning to get improved and further effective ceramic materials for use as powders or as nanocomposites in future efforts. The smaller reaction time with high product yield and suitable particle size compared to that reported in the literature would make these nano-HA particles more promising materials for use in bone replacement applications.
